The mutations induced by activation-induced cytidine deaminase (AID) trigger antibody diversification but can cause genome instability. We find that AID phosphorylation is an important determinant of "off-target" mutagenesis and identify a drug that increases this activity. These studies demonstrate how dysregulating AID phosphorylation can promote oncogenesis.
During development, lymphocytes induce programmed DNA damage to diversify their immune receptors, a process that threatens genomic integrity. Upon immune activation, B cells enter the germinal center and express activation-induced cytidine deaminase (AID) to initiate Immunoglobulin (IG) somatic hypermutation (SHM) and class switch recombination (CSR). During SHM, AID introduces point mutations at the IG variable region to evolve antibody affinity. During CSR, AID creates double strand breaks (DSBs) at the Immunoglobulin heavy (IGH) switch regions triggering recombination. Although predominantly localized to the IG loci, AID is also promiscuously associated with transcriptionally active regions throughout the genome. This includes recurrent chromosome translocation breakpoint partners, such as BCL6 and MYC. 1 As the vast majority of lymphomas originate from post-germinal center B cells, AID mutagenesis carries great risk. We have previously shown that deregulated AID activity could result in oncogenic lesions. 2 Thus, defining the factors that influence off-target AID activity is critical to understanding lymphomagenesis.
Previous studies demonstrated that phosphorylation regulates AID activity at Ig genes. Biochemical analysis revealed that AID was phosphorylated on serine 38 (pS38) 3 and that pS38 levels are high at Igh genes. 4 We assessed the role of this modification in B cells isolated from mice with an AID-S38 to alanine (S38A) substitution. AID-S38A was expressed and enzymatically active, but CSR and SHM were deficient. 5 Our most recent study assessed the role of AID-pS38 in generating oncogenic Myc translocations. We found that the AID-S38A substitution did not decrease generation of Myc/Igh translocations during normal CSR. 6 Since AID activity at Myc is limiting in translocation generation, 7 this assay also served as a proxy for measuring off-target activity and indicated that preventing phosphorylation did not impact AID off-target base-line activity. Further, global DSB formation, measured by analyzing the frequency of gH2AX focus formation, was not appreciably decreased in AID-S38A B cells relative to WT cells. 6 These results implied that under non-pathologic conditions AID is minimally phosphorylated at off-target sites.
AID-pS38 levels drive high AID activity at the Igh switch regions. AID is a substrate for the cAMP-dependent protein kinase (PKA). 8 During B cell activation, PKA is recruited to the switch regions providing a means to phosphorylate AID and induce local DSBs 9 (Fig. 1) ; however, at non-switch regions the relationship between PKA and AID-pS38 was unclear. Therefore, we treated B cells with several PKA inhibitors but found no significant alterations in total cellular AID-pS38 levels, implying that other kinases phosphorylate AID at non-switch regions. Since the S38 site conforms to the consensus sequence for several kinases, we evaluated several pharmacological inhibitors. We found that the clinically relevant drug, lithium, significantly increased both the total cellular and chromatin-associated levels of AID-pS38. We then assessed the consequence of lithiuminduced supra-physiologic pS38 levels on AID activity at the off-target Myc gene. 6 We found a significant increase in point mutations and Myc/Igh translocation frequency, as well as a significant increase in genome-wide DSBs. Critically, the effects of lithium were not observed in AID-S38A B cells, demonstrating they were phosphorylation specific. Overall, these studies demonstrated that AID phospho-regulation exerts a level of control beyond AID association.
Lithium is a widely prescribed mood stabilizing medication. Its effect on AID-pS38 was surprising, and suggested that patients treated with lithium might be at greater risk for lymphoma. However, no evidence supports this, perhaps because lithium also has anti-tumorigenic properties. Lithium is pleiotropic and affected signaling pathways are numerous. In the future, it will be important to define the pathways and kinases that directly impact AID-pS38. This would facilitate identifying pathologic conditions that promote B cell tumorigenesis through inappropriate AID activity. In turn, this could guide lymphoma prevention/intervention strategies. AID is chronically expressed in a number of B cell cancers including chronic lymphocytic leukemia (CLL) and chronic myeloid leukemia, where it facilitates tumor resistance and clonal evolution. Alternatively, AID expression might be harnessed for anti-tumor effects. The homologous recombination (HR) pathway is critical for preventing the toxic accumulation of AID-induced DSBs. Pharmacological attenuation of HR leads to AID-dependent cytotoxicity in B cells and this has been proposed as a therapeutic strategy for CLL. 10 We posit that activating supraphysiologic pS38 levels could enhance the efficacy of such therapeutic intervention.
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